To avoid the problems associated with this approach, we have modified the technique by minimizing the petrosectomy, making it what we call the minimal anterior and posterior combined (MAPC) transpetrosal approach. 18 We emphasize the fact that this approach offers a wider exposure of the posterolateral CS area and a unique view of the CS with inferior-to-superior and posterior-to-anterior trajectories, with a lower risk of injury to the neurovascular structures around it.
In this study, we describe the surgical technique and outcomes after performing the MAPC transpetrosal approach for primary CSMs.
Methods
Between June 2015 and November 2016, 9 patients underwent surgery via the MAPC transpetrosal approach for CSMs at the Osaka City University Hospital. Two patients were men, and 7 were women; the mean patient age was 58.5 years (range 39-72 years). Five tumors (55.5%) were recurrences that had been previously treated either with surgery or radiation therapy (Table 1) .
All patients underwent preoperative CT scanning, MRI, and angiography. The mean tumor diameter was 37.3 mm (range 22-63 mm). Neuroradiologists independently evaluated the extent of tumor resection by comparing the pre-and postoperative enhanced MR images that were obtained within 1 week after surgery. For each patient, the medical records were retrospectively reviewed to evaluate the status of the cranial nerves (CNs) and Karnofsky Performance Scale (KPS) score.
Surgical Technique
Much of the following descriptions of patient positioning and skin incision, craniotomy, petrosectomy, dural opening, and reconstruction of the skull base were previously published in our earlier study. 18, 25 
Patient Positioning and Skin Incision
The patient was placed in a semiprone park-bench position. The head was fixed using 3-point fixation with the head rotated and vertex down to keep the temporal side of the head in the horizontal plane. The skin incision began at the upper margin of the zygomatic arch anterior to the tragus, turned 2-3 cm above the ear, and then descended behind the posterior margin of the mastoid process. After the skin flap was raised, a temporalis fascia pericranial flap with a pedicle of the sternocleidomastoid muscle was used for the dural reconstruction at the end of surgery to prevent postoperative CSF leakage.
Craniotomy
A temporo-occipito-suboccipital craniotomy was performed prior to the mastoidectomy. Burr holes were placed at 6 points, including anatomical landmarks, to avoid injury to the sigmoid sinus. The first burr hole was made at the asterion, the second at the intersection of the supramastoid crest with the squamous suture, the third at the mastoid emissary foramen, the fourth at the root of the zygoma, and the fifth and sixth at the anterior and posterior aspects of the temporal bone, respectively. The first 3 burr holes are very important, as they are close to the sinus and have to be carefully drilled. The first burr hole is usually made just above the lateral end of the transverse sinus; the second, just anterior to the transverse-sigmoid sinus junction; and the third, a few millimeters medial to the posterior edge of the sigmoid sinus.
Minimum Petrosectomy
After the temporo-occipito-suboccipital craniotomy was completed, the outer cortical bone of the mastoid portion of the temporal bone was removed as a thin, triangular plate, a procedure referred to as a cosmetic mastoidectomy. The procedure is not essential and is skipped in cases in which the groove of the sigmoid sinus is too large. At this point, the sigmoid sinus and transverse sinus-sigmoid sinus junction were safely exposed. Dural dissection from the petrous and mastoid portions of the temporal bone was then done for a safe and swift petrosectomy. In the middle fossa, the dura mater over the temporal base was gently reflected to fully expose the entire course of the petrous ridge and apex by cutting the middle meningeal artery and dissecting the greater superficial petrosal nerve. In the posterior fossa, the presigmoid dura was carefully dissected from the posterior surface of the petrous portion of the temporal bone, and the entrance of the internal auditory canal was exposed epidurally by cutting the endolymphatic sac. After the dural dissection was complete, bony work encompassing minimal petrosectomy was performed. During drilling, care was taken to keep the membranous labyrinths of the semicircular canals intact for hearing preservation. The amount of petrous bone drilled was minimal and therefore required less time. Drilling of the petrous ridge is one of the key steps in obtaining a surgical corridor along its axis, and the amount of ridge drilled was minimal as well.
Dural Opening
The middle fossa dura was opened along the inferior temporal lobe toward the superior petrosal sinus (SPS). The subtemporal dural incision was made as far anterior as possible, and its medial extent ran along the lateral margin of Meckel's cave. The presigmoid dura was opened along the drilled petrosal portion of the temporal bone as far anterior as possible, and the drainage of the petrosal vein into the SPS was inspected. The SPS was divided by clips at a point anterior to the drainage point of the petrosal vein into the SPS to preserve its venous drainage. The tentorium was cut completely to inspect the trochlear nerve and its entrance into the intradural part.
Intradural Procedure
After superior retraction of the temporal lobe and medial mobilization of the sigmoid sinus, the portion of the tumor occupying Meckel's cave was removed first. Once the superior wall of Meckel's cave was opened, the trigeminal nerve was mobilized laterally to expose the posterolateral part of the CS and increase the working space. The portion of the tumor extending in the anterior side of the brainstem was removed, and Parkinson's triangle and the supratrochlear triangles were opened in a posterior-to-anterior direction in a step-wise manner. The dura along the tentorial edge at the entrance of the trochlear nerve was cut more anteriorly to perform additional internal decompression of the tumor occupying the posterior portion of the CS. Then, the superior part of the tumor was resected between the trochlear and oculomotor nerves. After opening the porus oculomotorius, the residual tumor inside the oculomotor cistern was removed as much as possible, and the oculomotor nerve was decompressed. Pulsation of a C 5 segment of the internal carotid artery (ICA) was identified on the inferomedial side, and bleeding from branches of the ICA, mainly the inferolateral trunk and meningohypophyseal trunk, was coagulated so that the carotidoculomotor membrane could be reached. Safe maximal resection of the tumor was achieved with a lower risk of injury to the surrounding vital structures (Fig. 1) .
Reconstruction of the Skull Base
All opened mastoid air cells were sealed with abdominal fat soaked in fibrin glue, and then the mastoid and petrous portions of the temporal bone and dural defect were entirely covered with the harvested temporal fascia pericranial flap. The lumbar drain was left open for approximately 3 days to prevent CSF leakage.
Illustrative Case
Case 1 A 44-year-old woman presented with a 3-month history of diplopia on left lateral gaze and ptosis of the right eye. Preoperative MRI demonstrated a heterogeneously enhanced lesion in the right cavernous area ( Fig. 2A and  B) , extending posteriorly to the brainstem. The lesion was approached through the MAPC transpetrosal approach (Fig. 3A-E) . After opening Meckel's cave, the trigeminal nerve was identified, and the tumor inside Meckel's cave and along its superior wall was removed (Fig. 3F and G) . The dura at the entrance of the trochlear nerve was cut anteriorly along the tentorial edge, and additional internal decompression of the tumor occupying the posterior part of the CS was performed (Fig. 3H) . After this step, superior extension of the tumor between the trochlear and the oculomotor nerve was removed (Fig. 3I) . The porus oculomotorius was opened (Fig. 3J) , and the residual tumor inside the oculomotor cistern was removed maximally to decompress the oculomotor nerve (Fig. 3K and L) . The postoperative course was uneventful, and the oculomotor palsy improved. The patient underwent stereotactic radiotherapy (SRT) during follow-up, and the residual tumor was well controlled (Fig. 2C and D) . 
Results
A summary of the clinical course of the 9 patients treated using the MAPC transpetrosal approach is shown in ). There were no deaths related to the procedure. None of the patients developed postoperative CSF leak or infection. Six patients underwent stereotactic radiosurgery (SRS) or SRT during follow-up; none of these patients experienced recurrence.
One patient (case 1) exhibited improvement in her oculomotor nerve palsy, and another patient (case 4) showed partial improvement in his abducens nerve palsy. One patient (case 2) had a transient oculomotor nerve palsy, which resolved within 3 months. The remaining patients did not exhibit any new CN deficits, and the preoperative KPS score was preserved in all patients (Table 1) .
Morphological Study
We studied the MAPC transpetrosal approach using a cadaveric head. Under the microscope, the posterolateral portion of the CS was exposed (Fig. 4A ). Meckel's cave was opened to identify the trigeminal nerve. Then, the lateral wall of the CS, formed by the reticular layer between the trochlear nerve and V1 segment of the trigeminal nerve, was cut to expose Parkinson's triangle. Then, the supratrochlear triangle was opened, and the oculomotor sheath extending from the porus oculomotorius to the carotid-oculomotor membrane was cut to expose the oculomotor trigone. Some of the pictures of cadaveric dissection are shown, among which are the posterolateral part of the CS (Fig. 4B) , the distance between the porus oculomotorius and the carotid-oculomotor membrane (8 mm in this study), and identification of the C 4 -C 5 portion of the ICA and abducens nerve after removal of the inferomedial wall of Meckel's cave (Fig. 4C and D) .
Discussion

Concept of the MAPC Transpetrosal Approach for Primary CSMs
The CS extends from the superior orbital fissure anteriorly to the petrous apex posteriorly, and it is bordered by the sella medially and middle fossa laterally. The CS forms the posterior margin of the superior orbital fissure, which is located below the anterior clinoid process, and its posterior wall extends from the lateral edge of the dorsum sellae to the medial margin of the trigeminal impression and Meckel's cave. The posterior portion of the roof is formed by the dura, which forms the oculomotor trigone. The oculomotor trigone, through which the oculomotor nerve enters the roof of the CS, is located between the anterior and posterior petroclinoid and the interclinoid folds. The oculomotor nerve is wrapped with oculomotor sheath at the porus oculomotorius, and there is a small arachnoid space. The dura that lines the lower margin of the anterior clinoid process and extends medially above the oculomotor nerve to the ICA and from the proximal dural ring is referred to as the carotid-oculomotor membrane.
Many authors have developed techniques for approaching the CS region via the frontotemporal route to improve resection and decrease patient morbidity. 8, 21, 32 Over the past 2 decades, many variations of frontotemporal approaches, including a frontotemporal orbitozygomatic approach, a frontotemporal craniotomy with orbital osteotomy, an extradural approach, and a middle fossa approach, have been used to resect CS tumors. It is well known that surgical complications are correlated with the extent of tumor resection. The frontotemporal orbitozygomatic approach allows a unique anterolateral projection to the CS, with a wider working angle and space, and thus a lesser amount of brain retraction is required. However, due to its complex anatomy, safe entry points are limited to the anterolateral region of the CS, which can be simulated to the apex of a pyramid (Fig. 5, arrow a) .
On the other hand, the posterior end of the CS behaves like the base of a pyramid, allowing wider entry between the CNs. Through the MAPC transpetrosal approach, most CNs were identified in the pontine cistern before the tumor resection, and the C 4 -C 5 portion of the ICA and the abducens nerve were identified running behind the inferomedial wall of Meckel's cave (Fig. 5, arrow b) . Martins et al. reported that the width of the oculomotor cistern was maximal at the porus oculomotorius and averaged 5.5 mm (range 3.0-9.2 mm), and the average length of the oculomotor cistern was 6.5 mm (range 3.0-11.0 mm). 23 Ono et al. measured the distance of the carotid artery to the oculomotor nerve and found it to range from 3.0 to 10.4 mm, 28 which correlates with the distance between the porus oculomotorius and carotid-oculomotor membrane 
FIG. 3. Case 1. Intraoperative photographs. A:
At the middle fossa, the temporal dura mater is retracted, and the anterior surface of the petrous ridge is exposed entirely after cutting the middle meningeal artery and dissecting the greater superficial petrosal nerve (GSPN). B: After dissection of the sigmoid sinus at the posterior fossa, the posterior surface of the petrous ridge is exposed, and the mastoid antrum is opened. The semicircular canals are not drilled in order to preserve hearing. C: A small amount of the petrous bone is drilled out along the petrous ridge to obtain a unique inferior-to-superior and posterior-to-anterior surgical corridor. D: The SPS is cut at the anterior part of the connective point of superior petrosal vein and SPS to keep venous drainage intact. E: After confirmation of the dural entrance of the trochlear nerve, the tentorium is cut. F: After superior retraction of the temporal lobe, the tumor occupying Meckel's cave is removed. G: The superior wall of Meckel's cave is removed. H: The dural entrance of the trochlear nerve is cut more anteriorly along with the tentorial edge, and the posterolateral cavernous area is widely exposed. I: The oculomotor nerve is compressed by the tumor at the porus oculomotorius (*). J: After opening the porus oculomotorius, the superior part of the tumor can be resected between the trochlear nerve and the oculomotor nerve. K and L: The residual tumor inside the posterior CS is removed as much as possible to decompress the oculomotor nerve. LSC = lateral semicircular canal; SPV = superior petrosal vein; SSC = superior semicircular canal. measured in the cadaveric study (8 mm) . Thus, the CS can be accessed safely after cutting the oculomotor trigone along the oculomotor sheath with an inferior-to-superior and posterior-to-anterior trajectory, followed by maximal decompression of the CSMs through the posterior and lateral walls of the CS, with less risk of injury to the ICA and CNs. The MAPC transpetrosal approach for CSMs is based on this anatomical concept. Although only a few patients have been treated using this approach, postoperative preservation of CN function appears to be superior to that achieved using other surgical modalities.
Treatment Strategy of Primary CSMs
In the 1990s, when skull base approaches flourished, many experts attempted total resection of CSMs through various cavernous triangles as described in the literature. 7, 10, 14 Surgical results were not satisfactory with respect to functional preservation of CNs running in and around the CS. Subtotal resection followed by adjuvant therapy with either SRS or SRT has been regarded as an acceptable treatment that preserves CN functions. 6, 20, 24, 26, 30, 31, 35 An ideal surgical management of CSMs is a partial resection with the purpose of decompression of the brainstem, CNs, or optic pathway. Aggressive removal of the CSMs with bypass of the external and internal carotid arteries is not a common surgical management. 6, 31, 37 Recent reports on CSM treatment have recommend safe, maximal resection with adjuvant radiation therapy rather than complete tumor removal. 6, 20, 24, 26, 30, 31, 35 Hafez et al. evaluated the results of stereotactic Gamma Knife radiosurgery in symptomatic benign CSMs and showed a tumor control rate of 96% at the 3-year follow-up period with a mean pretreatment tumor volume of 5.7 cm 3 (range 1.8-12.4 cm 3 ). 12 Maruyama et al. treated their patients with radiosurgery alone when there was distance between tumors and the optic pathway or brainstem. They used a combination of surgery and radiosurgery for CSMs when the tumors were attached to or compressing the optic pathway and brainstem, were larger than 3 cm in diameter, and extended into the multiple cranial fossae. They achieved an actuarial tumor control rate of 94.1% at the 5-year followup. 24 In the current study, the mean extent of resection was 77.0%, and the residual tumor volume was less than 12.4 cm 3 in all patients, with no mortality or severe morbidity. We think that maximal safe resection through the MAPC transpetrosal approach is a good surgical option for the treatment of CSMs. Adjuvant treatment with either SRS or SRT can be selected for residual tumor or any recur- rence. Of course, SRS or SRT is the desirable treatment for asymptomatic, small tumors. However, aggressive tumor resection should be considered for young patients with a short clinical history, even if the tumor size is small. For CSMs that extend to the sphenoclinoidal area anteriorly or compress the optic nerve medially, the frontotemporal approach or endonasal endoscopic approach should be considered as the first choice based on tumor location.
Conclusions
We describe in detail the MAPC transpetrosal approach for the treatment of primary CSMs. This approach provides safe and wider access to the posterior portion of the CS, taking care of the CNs and aiding in maximal safe resection of the intracavernous portion of the tumor, with postoperative preservation of CN function. Maximal resection using the MAPC transpetrosal approach, followed by timely SRS or SRT for large CSMs, is a safe and effective surgical alternative, with an aim of adequate tumor control in long-term follow-up.
FIG. 5.
Illustration demonstrating the surgical corridors obtained by the frontotemporal approach (a) and MAPC transpetrosal approach (b) to the CS lesion. By using a frontotemporal approach, the apex of the pyramid is exposed with limited safe entry points through an anterolateral projection. The base of the pyramid is exposed with wider safe entry points via an MAPC transpetrosal approach.
